Colour centres with long-lived spins are established platforms for quantum sensing and quantum information applications. Colour centres exist in different charge states, each of them with distinct optical and spin properties. Application to quantum technology requires the capability to access and stabilize charge states for each specific task. Here, we investigate charge state manipulation of individual silicon vacancies in silicon carbide, a system which has recently shown a unique combination of long spin coherence time and ultrastable spinselective optical transitions. In particular, we demonstrate charge state switching through the bias applied to the colour centre in an integrated silicon carbide opto-electronic device. We show that the electronic environment defined by the doping profile and the distribution of other defects in the device plays a key role for charge state control. Our experimental results and numerical modelling evidence that control of these complex interactions can, under certain conditions, enhance the photon emission rate. These findings open the way for deterministic control over the charge state of spin-active colour centres for quantum technology and provide novel techniques for monitoring doping profiles and voltage sensing in microscopic devices.
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Colour centres with long-lived spins are established platforms for quantum sensing and quantum information applications. Colour centres exist in different charge states, each of them with distinct optical and spin properties. Application to quantum technology requires the capability to access and stabilize charge states for each specific task. Here, we investigate charge state manipulation of individual silicon vacancies in silicon carbide, a system which has recently shown a unique combination of long spin coherence time and ultrastable spinselective optical transitions. In particular, we demonstrate charge state switching through the bias applied to the colour centre in an integrated silicon carbide opto-electronic device. We show that the electronic environment defined by the doping profile and the distribution of other defects in the device plays a key role for charge state control. Our experimental results and numerical modelling evidence that control of these complex interactions can, under certain conditions, enhance the photon emission rate. These findings open the way for deterministic control over the charge state of spin-active colour centres for quantum technology and provide novel techniques for monitoring doping profiles and voltage sensing in microscopic devices.
Individual spins associated with quantum emitters in semiconductors are an established platform for quantum metrology and quantum information processing [1] [2] [3] [4] [5] . The possibility to manipulate individual spins builds on the capability to control the number of charges in a system, at the level of single electrons or single holes. This has been achieved with great success in the case of semiconductor quantum dots, through the Coulomb blockade effect [6] [7] [8] . Alternatively, colour centres can provide a system where individual spins can be controlled and detected, even at room temperature. Colour centres can exist in different charge states, each with a specific electronic structure featuring unique optical and spin properties. For example, the negative charge state of the nitrogen-vacancy (NV) centre in diamond hosts a coherent electronic spin which can be polarized and readout optically 1 . These properties have been exploited for quantum sensing 9,10,2,3 with nanoscale spatial resolution 11 and for seminal demonstrations of quantum networking [12] [13] [14] . Techniques have been developed to stabilize the colour centre charge state [15] [16] [17] [18] , as its fluctuations due to either noisy environment in solids or applied electromagnetic fields for control and readout is responsible for inefficiency in various applications [19] [20] [21] 22 . Undesired switching to a different charge state precludes interfacing the electronic spin to photons. The fidelity of spin-photon interfacing can be preserved by triggering the experiment to start only when the colour centre is in the required charge state 14, 23 . This, however, reduces protocol efficiency, decreasing the overall quantum communication rate 14 . In some applications, the possibility to switch between different charge states can enable novel functionalities, such as protecting a nuclear spin quantum memory by converting the colour centre to a spin-less charge state 24, 25 . In general, precise control the charge state of the spin-active colour centre enables selecting the optimal properties relevant for the specific task [26] [27] [28] [29] .
Electrical control, by the bias applied through an electronic device, is a convenient and potentially deterministic way to access and manipulate any available charge state of a colour centre 29, 30 . However, this is difficult in insulators and many wide-bandgap semiconductors like diamond. In this respect, silicon carbide (SiC) is a promising alternative since it uniquely combines the availability of several different colour centres featuring excellent quantum properties [30] [31] [32] [33] [34] [35] , with doping over a wide range of carrier densities 36, 37 , n-type as well as ptype. In addition, SiC features mature CMOS-compatible fabrication processes 38 , which is a great benefit for scalable applications.
In this work, we focus on the single silicon vacancy (V Si ) in 4H-SiC and demonstrate electrical switching between the negatively-charged (V Si (-) ) and the neutral (V Si (0) ) charge states. The V Si (-) has recently gained attention for its long spin coherence times 32, 35, [39] [40] [41] , a strong opticallydetected spin signal at cryogenic temperature 42, 43, 44 , and ultrastable spin-selective optical transitions 44, 45 . This combination of properties make it an extremely promising system to demonstrate efficient spin-to-photon interfacing for quantum networking 1 To understand the microscopic nature of the phenomena observed experimentally, we present and test a model which reveals a complex interplay between the quasi-Fermi level tuning and optical excitation of the vacancy and other nearby defects.
Charge state switching of the silicon vacancy
The SiC p-i-n diode structure (see Fig. 1a,b) is grown by chemical vapour deposition (CVD) and consists of highly nitrogen-doped n-type and aluminum (Al)-doped p-type regions embedding a 50-µm-thick intrinsic layer. This intrinsic region is slightly p-type due to the residual Al and boron (B) impurities (see Methods). In the first experiment, we perform a two-dimensional confocal scan of the device across the growth direction (z-axis) and one lateral axis (x-axis), at zero applied voltage (Fig. 1c) . Using optical excitation at a wavelength of 730 nm (1.70 eV), we find isolated emitters across the intrinsic layer, which are identified as silicon vacancies in the negatively-charged state (V Si (-) )
at the cubic lattice site (k) (see Methods). The optically detected spin Rabi oscillations of a single V Si (-) as shown in Fig. 2d (see Supplementary Note 2) not only provide an evidence for V Si (-) but also demonstrate that the capability of coherent spin manipulation and readout is maintained in the tested junction device. In the following we focus on the depletion region near the i-n junction of the diode structure. Strong band bending in this region gives the possibility to electrically control the charge states of the V Si centre simply when applying different bias voltages. We find that, while V Si (-) in the intrinsic layer do not show significant changes in their density, the V Si centre near the i-n interface strongly respond to the applied bias: Fig. 2a shows confocal raster scans of the same x-y plane near the i-n interface (which is at a depth of about 47 μm) under reverse, zero and forward biases. At the reverse bias, several emitters are turned on, while the forward bias turns off the emitters that are bright at zero bias. We attribute this to switching of the charge state of the V Si from single negative to other dark charge states, which will be discussed in the subsequent sections. We also find that the newly switched-on emitters at reverse bias are located at a slightly further distance from the n-type layer. To test if the switching depends on the position of the V Si centre, we monitor the PL intensity of each bright emitter, while sweeping the bias voltage.
Two selected results are shown in Fig. 2b . The PL intensity is completely turned off at forward bias, while it is bright at reverse bias. A sharp increase in the PL intensity is observed at the bias value inducing the switching, namely the switching bias (SB). To test how optical excitation is related with the observations in Fig. 1 In Fig. 3a , the integrated PL intensity for the selected single V Si near the i-n interface is plotted versus the bias voltage for ℏω = 1.7 eV (λ = 730 nm). Again, charge-state switching is observed at around 0 V together with a sharp peak in the PL intensity. To understand the origin of the enhanced PL intensity around the SB (≈0 V for the V Si centre in Fig. 3 ), we vary the wavelength of the pump laser. Fig. 3b shows that similar curves are obtained at ℏω > 1.60 eV (λ < 773 nm).
However, the peak in the PL intensity at the SB disappears at ℏω ≲ 1.60 eV (λ ≳ 773 nm) ( Fig. 3c ) (see Supplementary Figure 6 ). Figure 3d shows that the PL intensity under optical saturation is 2 times stronger at 0 V than that at -5 V. Other tested V Si centre show the same behaviour, except that the SB is different for each center. These results suggest that an optical excitation energy larger than 1.60 eV triggers an additional process, resulting in an abrupt increase of the PL intensity, in addition to the electrical charge state switching. In the following, we discuss underlying mechanisms for the observations above.
Charge states of the silicon vacancy
In thermal equilibrium, the occupation of the neutral (0), single (-1), double (-2) and triple (-3) Refs. 26, 46 . Note that we follow the recent assignment of the cubic and hexagonal defect of V Si in Ref. 47 . Generic values are provided in panels . Because the optical excitation energy in this work is larger than ℏω = 1.58 eV (785 nm), the V Si (-) can be observed.
In the region near the i-n junction, in equilibrium, the Fermi level crosses all three charge state transition levels of the V Si centre (see Fig. 5a ). Hence, the V Si centre are expected to be in different charge states depending on their positions along the z-axis. For the charge state conversion in this region, we also have to take into account optical ionization. The conversion
+e -is not likely since, it requires photon energy higher than 1.97 eV (629 nm), assuming only a single photon absorption process (see Fig. 4a ), whereas the highest energy used in this study is 1.8 eV. In addition, optical ionization of other defects located in the vicinity of the studied V Si should also be considered, in particular, carbon vacancies (V C ), which are the most abundant intrinsic defects in 4H-SiC (Fig. 4b,c ). Due to optical ionization, excess electrons and holes are released from defects to the conduction and valence bands. These carriers can be captured by V Si and other defects 48 . In our sample, the density of V C is in the range from 5×10 12 to 1×10 13 cm -3 (see Methods). Since this density corresponds to an average distance between V C of ~300 nm, there is a good chance for a V C to be located near the studied V Si . This complexity is further increased by the non-equilibrium induced by the applied bias as we will discuss in the next sections.
Electrical control of the charge state
To explain the mechanism of electrical switching between the charge states of the V Si , we selfconsistently simulate the 4H-SiC p-i-n diode shown in As the reverse bias increases, the band bending in the depletion region near the i-n junction increases and the depletion region expands towards the p-i junction. At the same time, the applied bias perturbs the carrier equilibrium , which splits the Fermi level E F into two quasiFermi levels F n and F p for electrons and holes, respectively. Accordingly, the occupation of the charge states cannot be identified as easily as in equilibrium. One has to closely consider the processes of electron and hole capture and release by the V Si in a manner similar to that used for the description of electroluminescence of color centres 34, [49] [50] [51] . In the region where we observe switching of the charge state of the V Si (see Fig. 2c ), we find that the density of holes is many orders of magnitude higher than that of electrons, even at significantly high voltages (see Supplementary Figure 9 ). In addition, there are no minority carriers in the reverse biased diode. Therefore, in the band bending region the occupation of the charge states of the V Si is mainly determined by the hole capture and hole release processes. This situation is the same as in a p-type material in equilibrium. Thus, we can use the same expressions for the charge states populations of the V Si as in equilibrium by replacing E F with F p . In other words, the transition between the charge states occurs when the quasi-Fermi level for holes crosses the corresponding transition level. Figure 5c shows the corresponding calculations based on this quasi-equilibrium approach, predicting electrical switching between the V Si (0) and V Si (-) states.
According to calculations (see Supplementary Note 6) , V Si (0) is expected to emit in the nearinfrared, with photon energies less than the ionization threshold (~0.9 eV). Emission, however, is expected to be weak due to competing non-radiative processes. Since the detectors used in the experiment are not sensitive for wavelengths larger than ~1000 nm, switching to the V Si (0) charge state corresponds to a suppression of the PL signal. Together with these simulation results, the data in Fig. 2b and Fig. 3 show that the p-i-n diode structures allows to switch the charge state between V Si (0) and V Si (-) by applying a moderate voltage.
Reinitialization of the silicon vacancy
Finally, we turn to the origin of the increased PL at around the switching bias as shown in Fig.   2b and Fig. 3 . For simplicity, we focus on the particular V Si centre located at a depth of about 48 μm, for which the measurements are shown in Fig. 3 . However, this analysis can be applied with no change to any observed V Si in the studied 4H-SiC diode. As discussed in the previous section, around the switching bias voltage the occupation of the V Si (0) steadily decreases from 100% to 0 and the occupation of the V Si (-) increases from 0 to 100% as the bias voltage decreases (see Fig. 3c ). However, at optical excitation energies above 1.6 eV, we observe an increased PL rate in the voltage range from -1.1 V to 2.0 V (Fig. 3a,b) . If the PL at voltages below -1.1 V corresponds to 100% occupation of the (-1) charge state, why does the PL rate at voltages between -1.1 V and 1.3 V become higher (see Fig. 3a,b) ? This is counterintuitive, since the occupation of the negative charge state (-1) cannot increase further. To resolve this contradiction and find an additional process that can trigger an increase in the PL intensity, we emphasize that the increased PL of the V Si is accompanied with the charge state switching from (0) to (-1), and therefore we can expect that complex electron and hole capture and release processes may happen at around the switching bias. Additionally, the peak at the switching bias is observed only at optical excitation energies higher than 1.6 eV, which approximately coincides with the optical ionization threshold of V C
→V C (+) +h (Fig. 4b,c) . This suggests that, holes released by V C under optical excitation may be captured by the V Si (-) .
To understand how V C can affect the V Si charge state, we simulate the energy band diagram in the vicinity of the V Si at V = -0.3 V applied to the device (see Methods), which corresponds to the voltage drop across the p-i-n diode of -0.06 V . Since at z = 48 μm, F p lies above the V Si (0|-) level, the considered V Si is in the (-1) charge state. At the same time, at z=48 μm, F p is below the V C (2+|+) level. Accordingly, the V C at z = 48 μm is in the (+2) charge state, so are all V C defects at z < 48 μm. We assume a V C in the vicinity of the V Si can be ionized by the excitation laser, if ℏω ≳1.64 eV (see Fig. 4b,c) , and release a hole to the valence band, i.e., , which is possible at photon energies 1.6-1.8 eV as shown in Supplementary figure 7) , and bring the V Si back to the V Si (-) ground state.
However, this cannot result in increased luminescence. (II) The V Si (0) can capture an electron from the conduction band. This electron can be provided due to the non-ideality of the device, and consequently non-zero electron current, or by the photoionization of another defect located nearby the V Si . The free electron is captured by the V Si into the V Si (-) excited state 34, 49 , which then relaxes to the V Si (-) ground state via photon emission increasing the luminescence rate dramatically 34, [49] [50] [51] , thus, V Si (-) is re-initialized. This mechanism explains the experimentally observed threshold optical energy of 1.6 eV and supports that the release of a hole by V C ionization followed by its capture at the V Si (-) , which promotes the reinitialization of V Si (-) , is very likely. For a larger reverse bias, the band bending is steeper (see Sample preparation. The SiC p-i-n diode structure used is grown by chemical vapour deposition (CVD) on a 4-degree off-cut 4H-SiC substrate. The 509-µm-thick n-type substrate is heavily doped with nitrogen (N) at a density of about 9×10 18 cm -3 . The p-i-n diode structure (see Fig. 1a,b) Charge state transition levels of the silicon vacancy. We study the charge states of the V Si centre using hybrid density functional theory (hybrid-DFT) and the configuration interaction method CI-CRPA 58 (see Supplementary Note 6), which reveals the deep-acceptor nature of the silicon vacancy. The known transition levels among the charge states are shown in Fig. 4a .
In thermal equilibrium, the occupation of the (0), (-1), (-2) and (-3) charged states are determined by the position of the Fermi level with respect to the valence band edge and can be found using the Gibbs distribution 59, 60 . Since, the thermal energy kT is much lower than the bandgap energy E g =3.26 eV under ambient conditions, we can define the positions of the Fermi level at which the transition between the V Si (0) and V Si (-) charge states occurs: the Fermi level (E F ) in 4H-SiC should be 1.29 eV above the valence band edge 59 . In Fig. 4a , this transition level is labeled as (0|-). For E F > 2.59 eV, the defect turns into the V Si (2-) , and further into the V Si (3-) for E F > 2.85 eV 59 . These levels are labeled as (-|2-) and (2-|3-), respectively. Since only the V Si (-) centre is known to exhibit PL in the spectral region 900-1050 nm, silicon vacancies in the negative charge state can be detected as bright spots in the experiment.
Numerical simulations of the silicon carbide diode. The 4H-SiC p-i-n diode was numerically simulated using the self-consistent steady-state model which comprises the Poisson equation for the electric field and carrier densities, the semiconductor drift-diffusion equations and the carrier continuity equations for electrons and holes. These equations were supplemented by the appropriate boundary conditions (the top and bottom contacts were modeled as ideal ohmic contacts) and solved using the nextnano++ software. Since the density of acceptors N Ai and the acceptor compensation ratio η A by donor-type defects are the only unknown diode parameters, we assume η A to be 10% and slightly vary N Ai to better fit the experimental data. These and other parameters used in the simulations can be found in Supplementary Table 1 . In addition, we take into account the non-ideality of the fabricated device. The measured current-voltage characteristic is linear at very high forward and negative voltages. The slopes at these voltages correspond to resistances of about 8 and 10 kΩ, respectively (see Supplementary Note 7). This non-ideality can be represented by an equivalent circuit with two resistors of 2 and 8 kΩ, which are connected to the p-i-n diode in parallel and series, respectively. The parallel resistance models possible parasitic conduction through the edges of the sample, while the series resistance accounts for non-ideal contacts and lead wires.
Note that the prediction of switching among V Si (-) , V Si (2-) and V Si (3-) may be more complex since it should occur at electron and hole densities of less than 10 -20 cm -3 (see Fig. 5c and Supplementary Figure 9 ). In these regimes, the densities of excess electrons and holes produced by optical ionization of V C and other defects are much higher. Therefore, in the ilayer, electrical switching among the V Si (-) , V Si (2-) and V Si (3-) states is more difficult.
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Supplementary Note 3. V Si creation by electron irradiation
Silicon vacancies were created by 2 MeV electron irradiation on a 50 μm thick CVD grown 4H-SiC single crystal sample. Electron irradiation creates defects homogeneously through the whole sample volume. Water cooling during electron irradiation keeps the sample temperature close to room temperature to avoid unwanted annealing, which could convert silicon vacancies to other types of defects, such as divacancies 5 . The defect concentration increases with increasing radiation dose as shown in Supplementary Figure 3 . The defect concentration is obtained as follows. First, the average total intensity from a single silicon vacancy centre was determined for a given laser power. Next, the total number of created defect centers were counted by normalizing the total fluorescence intensity of a wide two-dimensional confocal fluorescence scanning by the obtained average intensity. The result is plotted in Supplementary Figure 3 , showing a linear dependence between the concentration of the silicon vacancy centres and the used electron fluence. The linear dependence can be described the empirical formula 3 :
where η is the concentration of single emitters, e the electron irradiation fluence and α = 0.47, which was set as a free fit parameter.
Supplementary Figure 3.
VSi density plotted as a function of the irradiation dose of the 2 MeV electrons. The solid line is a fit function.
Supplementary Note 4. Depth determination in a high refractive index material
For an emitter embedded in a high refractive-index material, such as diamond or silicon carbide, the focus of the objective is shifted deeper into the crystal and the wavefront point spread function (PSF) is distorted 6 , for both the excitation laser and photoluminescence collection To precisely determine the depth of emitters observed by confocal microscopy, both excitation depth and distortion of PSF for emitters need to be considered. In the experimental setup used in this study, the emitter depth is optically determined by the excitation depth because the diameter of the excitation laser is small compared to the diameter of the back focal plane of the objective.
Supplementary Figure 4a shows a simplified ray optics model of an objective/immersion oil/SiC system with Gaussian-beam excitation laser. The refractive indices of the immersion oil and SiC are noil = 1.5 and nSiC = 2.6, respectively. In this model, we neglect the polarization of the laser.
The intensity distribution of the excitation laser is a function of radial distance as (2) Here, r0 can be calculated from full width at half maximum (FWHM) as . To characterize how optical excitation is related with the observations in Fig. 1 and 2 of the main text, we test many VSi defects and monitor their PL intensity as a function of the applied voltage while sweeping the optical excitation energy ℏω. In Supplementary Figure 6a 
Supplementary Note 6. Calculated optical absorption spectra and optical ionization of the silicon vacancy
As outlined in the main text the photo ionization has impact on the PL intensity of the silicon vacancy. In this section we address the optical absorption spectra of the silicon vacancy as calculated for the negative charge state VSi (-) as well as for the neutral and doubly negative charge states that result from the ionization of VSi (-) . The vertical absorption spectra as shown in Supplementary Figure 7 were obtained using the CI-CRPA method as outlined in the theoretical method section and refer to excitations of the defect in the ground state geometry of the corresponding charge states. Conduction bands from the conduction band edge up to EC + 1.2 eV were included for calculation of optical absorption spectra. Additional states were included via single excitation. First all single excitations are considered starting from the high spin ground state and subsequently slater determinants corresponding to higher excitation are generated from these states. The silicon vacancy in 4H-SiC is represented by a large super cell with 576 lattice sites using an energy cutoff of 400 eV for augmented plane wave basis set. In 4H-SiC the silicon vacancy can be created at the two inequivalent lattice sites, namely the hexagonal and cubic sites. Both defects possess very similar optical spectra with slightly different PL peaks. For simplicity we show spectra for one silicon vacancy. Optical absorption spectra are calculated as vertical excitations from the ground state geometry of the defect as described in Ref. 7 .
Results. The multiplet states of the hexagonal VSi (-) The energetic ordering of quartet and doublet levels derived here from a first principles approach verifies the ordering suggested based on a group theoretical treatment and qualitative arguments 9 .
The calculated zero phonon lines (ZPLs) for the transition from the lowest excited quartet states to the ground state of the hexagonal VSi (-) has an excitation threshold of 1.96 eV (1.98 eV cubic VSi (-) ). The latter transitions produce the neutral vacancy and an electron in the conduction band, VSi (-) → VSi (0) + e -, with a threshold of 2.1 eV (2.2 eV for cubic VSi (-) ). As indicated in Supplementary Figure 7b the dominant absorption above 2 eV leads to an ionization to VSi (2-) while the formation of VSi (0) plays a minor role.
Nevertheless, the photon energy employed in the experiments for the excitation of the VSi (-) PL is not sufficient to ionize VSi (-) , instead, non-radiative recombination with electrons or holes are the relevant processes that establishes a steady state.
In contrast to VSi (-) , photo ionization of VSi (0) and VSi (2-) is enabled at photon energies employed in our experiments. The ionization thresholds that yield VSi of VSi (0) and VSi (2-) to VSi (-) is an active process, that reinitializes VSi (-) .
Supplementary Figure 7.
Optical transitions of the silicon vacancy: (a) multiplet states VSi (-) . Optical absorption spectra of (b) the negative vacancy VSi (-) , (c) of VSi (-2) , and (d) of VSi (0) as obtained with the CI-CRPA at the hexagonal site -spectra at the cubic site are similar and only differ by the slightly different excitation/threshold energies as indicated in the text. Individual transition are broadened by 50 meV. Internal optical transitions and the thresholds for optical ionization are indicated by arrows. For VSi (-) excitation of electrons from the valence band (i.e. VSi (-) →VSi (2-) ) dominates the ionization via the conduction band (dashed lines in (b)). Note, that the ionization threshold of VSi (0) in (d) occurs at much lower energies than the main peak related to the excitation of the triplet ground state -dashed lines correspond to excitations from the lowest singlet state. Supplementary Figure 8 . IV curves of the used p-i-n diode device measured in 2015 (red) and in 2017 (blue). The difference in the measured IV curves is most likely due to the device degradation. Since most of the data remeasured in 2017 are shown in this manuscript, the resistance at high forward and reverse bias, 2 and 8 kΩ, respectively, are used for device simulation as explained in Methods of the main text.
Supplementary Note 7. IV characteristics of the p-i-n diode

